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Abstract 
The project focused on a remote sensing data acquisition strategy that will respond 
to the requirements for assessment of broadacre hail damage in a timely manner 
within appropriate spatial and economic limitations.  Current field based hail 
damage assessment practices are both time and labour intensive. Integrating 
remote sensing with a GIS database provides an economically viable alternative 
technique for the recording, correlation, analysis and judicious evaluation of hail 
damage and information for interactive administration system. 
This paper will report on the remote sensing strategies, specifically hyperspectral 
simulation trials and hail damage assessment using both hyperspectral acquisitions 
and remotely sensed (Landsat TM and Spot Xi) imagery.  Preliminary findings have 
identified a good correlation (r=-0.866) between the damage levels and defoliation 
with r =0.86 for both Landsat 5 TM and Spot 4 Xi sensors. 
1 Introduction 
Freemans Australia is a loss adjusting organisation with a wealth of historical data 
relating to claims, event assessments, related environmental factors and claim 
success outcomes.  The methods of collecting and storing data are largely manual 
and the entire process quite complex.  Freemans Australia is devoted to expanding 
and evaluating new tools and procedures to further improve and become more 
efficient with its loss adjusting services throughout Australia (Freemans Australia, 
2004). 
Millions of dollars of production (approximately 3% of total cereal crop production) is 
lost every year across the Darling Downs region of Queensland, Australia due to 
hail damage (Chandler, 2001).  This naturally occurring weather induced crop 
damage occurs in irregular patterns and varies widely within affected area 
(Erickson, et al. 2004). 
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1.1 Project concept development 
The premise of this research was to assess the accuracy and efficiently of using 
satellite/airborne imagery and GIS to assess the extent and degree of loss 
sustained from a hail storm event in broadacre agricultural crops.  This structure 
was perceived as having the potential to be more accurate and objective than 
traditional methods; have minimal variations between assessments; be more 
efficient; provide an orientation guide for the field assessor; identify, measure and 
map damage zones; and has potential for expansion into various agricultural crops 
and insurable phenomena (Chandler, 2001; Scherer, 2004). 
Current methodology is well documented and is primarily field based and takes into 
account many at-site variables (Young, et al., 2004).  In many regions of South East 
Queensland, 33% of the average claim assessment costs are directly related to 
travel.  Hence, there is a need for a simple, prompt, economical and reliable 
assessment system. 
Remote sensing of vegetation is not new and there has been significant research 
undertaken on this topic, along with the physiological inferences of spectral 
response on plant properties, canopy and structure (Campbell, 1996).  The specific 
objective of this project was to consider the effectiveness of using remote sensing 
to monitor the physiological changes to plants when exposed to hail events, with the 
aim to be able to quantify these changes to defoliation (leaf loss) of the plant (Young 
et al., 2004). 
2 Methodology 
The research method and techniques considered the limitations relating to cost, 
simplicity, reliability, accuracy, and suitability for incorporation into a loss adjustment 
environment and outcome transparency that could be acceptable to both clients and 
claimants alike.  Following the success of a trial (refer to 2.1) the decision to use 
Landsat TM for more controlled events was based on availability and cost. 
A test study (refer to 2.2) using a spectroradiometer in a controlled laboratory field 
plot was initiated because the continuing drought reduced the probability of crop 
growth and unusual absence of annual hail.  This study also provided the opportunity 
to test the reflectance responses of a variety of controlled damage percentages 
over a selection of growth stages. A late season hail event provided data from 
several platforms for analysis and discussion (refer to 2.3). 
2.1 Initial project trial 
In 2000, an intense storm delivered rain and hail the size of marbles to golf balls, 
which destroyed hundreds of hectares of crops, with total claimed losses exceeding 
$3m (Chandler, 2001).  Due to the unavailability of useable SPOT imagery, Landsat 
7 ETM+ imagery was selected for assessing crop damage of this event.  
Georefererencing of the image was achieved through locating the property 
boundaries from the Digital Cadastre Database (DCDB). 
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Defoliation assessment across a sorghum field requires the assessor to analyse 
numerous before and after crop conditions, including weather, soil, surrounding 
environmental factors, yield potential, regional yields and damage degree and 
extent.  In the development of more universal analytical test techniques for 
determining defoliation due to hail, a number of these significant criteria were 
selected to minimise the effects of variables (Young, et al., 2004). 
The usefulness of remote sensing in monitoring vegetation biomass was 
demonstrated by showing the spectral behaviour of three differing levels of 
defoliation (undamaged/healthy, moderately damaged, and severely damaged 
sorghum) to identify those bands which best discriminate damage levels.  The 
spectral response curves of the healthy vegetation illustrated the expected 
vegetation patterns of low reflectance in the visible wavelengths and high 
reflectance in the near infrared regions.  Within the visible  spectrum, increases in 
defoliation resulted in higher spectral reflectance, while in the near infrared bands, 
lower radiance was observed.  From analysis of these spectral curves, it is evident 
that incremental relationships exist between the radiance levels and damage to the 
plant.  Further image processing techniques were attempted with the calculation of: 
1) Normalised Difference Vegetation Index (NDVI); 
2) Tasselled Cap Transformation; and 
3) Modified Soil Adjusted Vegetation Index 2 (MSAVI2). 
Mixed pixels, when a pixel contains radiation reflected from more than one type of 
object, are common in agricultural scenes because of the current farming practices.  
Three field boundaries were adopted and evaluated in an effort to overcome 
problems of mixed pixels and the ‘edge effect’, with each field boundary 
reduced/buffered by n-pixels to achieve a ‘pure pixel’ representation. 
An assumed undamaged and assumed 100% damaged region were selected for 
this analysis, based on image observation and communication with the field 
assessors, Freemans and the grower.  This relied entirely on the ability to accurately 
extract these features before analysis.  As this project was undertaken post event, 
ground truthing was not available and variations in the representative plots could 
potentially reduce the consistency and reliability of the assessments. 
Analysis of the satellite imagery concluded that identifiable spectral variances exist 
between healthy vegetation and damaged sorghum; the most pronounced variances 
occur in the red and near infrared regions of the spectrum.  The results indicated 
that remote sensing is useful for analysing defoliation to an average accuracy of 5% 
to 30% difference from the observed defoliation in the field, dependant on the 
technique and the boundary used.  The NDVI returned the greatest accuracy with an 
average defoliation difference of 5.05% to 9.08%, followed closely by Tasselled 
Cap Transformation (Greenness) at 5.42% to 8.61%.  The MSAVI showed 
unexpectedly low accuracies with average differences ranging between 10.61% 
and 16.72%.  The analysis also identified that the Tasselled Cap Transformation 
bands Wetness and Brightness were unrelated to defoliation, thus yielding very low 
accuracies. 
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These relative accuracies were based on the assumption that the defoliations 
observed by the assessor was 100% correct.  More realistically, the field assessor 
may possibly be marginally difference from the true defoliation evident within the 
entire field and further comparative studies could provide a more reliable 
verification of a true identification of damage within the field. 
Our investigations also confirmed that the most important contribution to differences 
in assessments was infield variability (yield potential, plant population, soil 
moisture/nutrients, cropping history, etcetera) within the field prior to and after the 
loss.  These factors play important roles in influencing plant vigour and health, 
regeneration capabilities and spectral characteristics, affecting the accuracy on a 
remotely sensed assessment of the field. 
2.2 Test study trials 
A controlled test site to simulate hail damage environments was established to 
evaluate spectral responses of different defoliation percentages of hail damage at 
various growth periods.  This technique included manually induced destruction 
(cutting, bending, impact and shredding) and ASD FieldSpec® Handheld 
spectrometer (Analytical Spectral Devices, 2002) readings for each growth stage 
and destruction event from 1.5 and 2.5 metre heights.  These spectroradiometer 
readings of the crop areas at different damage stages and growth stages were not 
consistent, with the growth stages or relative to percentage of defoliation (Young, et 
al., 2004).  
The major consistency also found by Erickson et al. (2004), was the expected high 
NIR reflectance for no damage (high green biomass) and a lower NIR reflectance for 
100% damage (low green biomass).  The reverse was true for the values recorded 
in the red spectrum and in many cases provided more useful information in 
distinguishing the different levels of damage. 
Young et al. (2004) concluded that current analysis of results have determined a 
number of problems with the methodology and technique of the test study.  Hence, 
analysis is ongoing, in conjunction with aerial NIR digital camera images taken from 
a tethered balloon, in an endeavour to eliminate spurious values and determine 
useful algorithms for correlating to satellite imagery spectral responses in damaged 
crops.  
2.3 2004 Hail Damage Event 
A 2004 hail event at Dalby was the sole test for this year as a consequence of the 
drought and unseasonable conditions.  The damage was barely visible on the 
Landsat TM and SPOT Xi Imagery.  Only limited spectroradiometer readings were 
taken at discrete points 10m into the paddock at locations randomly selected by the 
field assessor at the time of assessment. 
Landsat was purchased as an authorectified image from ACRES, and the Spot 
data was georectified using map to image registration to GDA94 road data.  GPS 
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data was calibrated to known survey points to within 2 metre accuracy of ground 
observation points taken by a field assessor.  This dataset was then overlayed over 
the imagery to extract  'pure pixel' grid data (2x2 matrix - Landsat and 3x3 matrix - 
Spot) from the scene.  A correlation between spectroradiometer data and satellite 
imagery enabled further development of algorithms for assessment of the degree of 
damage to the crop.  
As for the test studies, Young et al. (2004) found that high NIR (TM4 and Xi3) 
reflectance was identified for high green biomass (no/low hail damage) and lower 
NIR reflectance for lower green biomass (higher hail damage), while the reverse is 
true for the red spectrum (TM3 and Xi2).  This phenomenon is directly related to the 
reduced leaf area, destruction of cell structures and chlorophyll absorption of light.   
Various transformations, ratios and indices have been applied and tested including 
simple ratios (TM4/5, TM 5/4, TM3/4, TM4/3, TM5/3, TM3/5, Xi2/3, and Xi3/2), 
NDVI, MSAVI2, and Tasselled Cap Transformation (Brightness, Greenness, and 
Wetness) for two differing maturates: Soft dough and 8-Leaf. 
2.3.1 Soft Dough 
For Soft Dough, the strongest correlations were observed for Landsat TM Tasselled 
Cap Transformation (Greenness) and Spot Xi NIR (Band 3) both registering a 
strong correlation of r= -0.866.  This confirms our findings of a distinguished 
relationship between remotely sensed data and defoliation.  For all systems (Spot, 
Landsat and spectroradiometer), the majority of observations were consistent with 
this principle.  The Landsat TM example (Figure 1) is typical with the extremes 
values (low and high damage) consistently on the margins of the plots, whilst, the 
inner values sporadically intermingled.   
 
 
Figure 1 - Landsat Spectral response for known damage regions 
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Both regression analysis for the satellite platforms and discriminant analysis for the 
spectroradiometer data were performed.  Table 1 summarises the correlations 
observed for Landsat TM and Spot Xi for the soft dough maturity. Xi NDVI resulted 
in low index readings (0.16 to 0.27) when compared to TM NDVI (0.44 to 0.50), 
however Xi resulted in a larger range of 0.11 units in comparison to TM - 0.6.  Both 
correlations were strong at 0.813 (Xi) and -0.836 (TM).  
 
Table 1 – Correlation and significance for  
Landsat TM and Spot Xi in respect to defoliation 
SPOT Xi CORRELATION (Soft Dough)
Defoliation Pearsons Correlation 1.000 Defoliation Pearsons Correlation 1.000
Significance Significance
N 9 N 9
TM1 (Blue) Pearsons Correlation 0.490 Xi 1 (Green) Pearsons Correlation 0.637
Significance 0.180 Significance 0.065
N 9 N 9
TM2 (Green) Pearsons Correlation 0.443 Xi 2 (Red) Pearsons Correlation 0.736 *
Significance 0.232 Significance 0.024
N 9 N 9
TM3 (Red) Pearsons Correlation 0.618 Xi 3 (NIR) Pearsons Correlation -0.866 **
Significance 0.076 Significance 0.003
N 9 N 9
TM4 (VNIR) Pearsons Correlation -0.850 ** Xi 4 (MIR) Pearsons Correlation 0.472
Significance 0.004 Significance 0.200
N 9 N 9
TM5 (NIR) Pearsons Correlation 0.082 NDVI Pearsons Correlation 0.813 **
Significance 0.835 Significance 0.008
N 9 N 9
TM6 (Thermal) Pearsons Correlation -0.244 MSAVI Pearsons Correlation 0.819 **
Significance 0.526 Significance 0.007
N 9 N 9
TM7 (MIR) Pearsons Correlation 0.550 SR 2/3 Pearsons Correlation 0.819 **
Significance 0.125 Significance 0.007
N 9 N 9
NDVI Pearsons Correlation -0.836 ** SR 3/2 Pearsons Correlation 0.801 **
Significance 0.005 Significance 0.009
N 9 N 9
MSAVI2 Pearsons Correlation -0.840 ** ** Correlation is significant at the 0.01 level (2-tailed).
Significance 0.005 *   Correlation is significant at the 0.05 level (2-tailed).
N 9
SR 5/4 Pearsons Correlation 0.705 *
Significance 0.034
N 9
SR 4/5 Pearsons Correlation -0.701 *
Significance 0.035
N 9
SR 4/3 Pearsons Correlation -0.824 **
Significance 0.006
N 9
SR 3/4 Pearsons Correlation 0.840 **
Significance 0.005
N 9
SR 5/3 Pearsons Correlation -0.424
Significance 0.256
N 9
SR 3/5 Pearsons Correlation 0.426
Significance 0.253
N 9
TC (Brightness) Pearsons Correlation -0.544
Significance 0.130
N 9
TC (Greenness) Pearsons Correlation -0.866 **
Significance 0.033
N 9
TC (Wetness) Pearsons Correlation -0.810 **
Significance 0.008
N 9
** Correlation is significant at the 0.01 level (2-tailed).
*   Correlation is significant at the 0.05 level (2-tailed).
LANDSAT TM CORRELATION (Soft Dough)
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Landsat TM NDVI illustrates that the residuals between the predicted and observed 
values increase as TM NDVI decreases.  It appears that estimating of defoliation 
using TM NDVI is less accurate as the NDVI decreases, consistent with Tucker 
(1979) who described NDVI as being less accurate with lower amounts of 
vegetation biomass. 
Discriminate analysis was undertaken using two defined groups (0-50% and 50-
100% damage levels) of the spectroradiometer data.  The first run using the full 
range of the instrument (325-1075nm) returned only a moderate correlation of 
0.503.  A subsequent run omitting those regions affected by noise limiting the 
procedure to 400-1000nm, returning a good correlation of 0.802. 
2.3.2 8 Leaf 
In general, the spectral responses for the 8 Leaf maturity followed the expected 
format, high to low NIR and Low to high Red as the damage level increases. 
However, the results from TM were slightly skewed in that as damage increased 
higher NIR and Red values were observed. In many cases the red light provided 
more useful information in distinguishing the different levels of damage, similar to 
Erickson (2004).  Insufficient samples for this maturity prevents any conclusions, 
although plots show incremental changes with increases in damage 
3 Discussion 
Seasonal difficulties have hindered the progress on better defining a system using 
remote sensing assessment of hail damage.  Current findings, together with the 
developments with the concurrently developing complimentary GIS and database 
system, are significant enough to continue with this research activity. 
The analysis has determined distinct differences in the spectral responses amongst 
different degrees of defoliation, with a common occurrence of the increasing Red 
reflectance and decreasing NIR when defoliation increased.  The methodology and 
techniques have identified these possible error sources: 
(1) Assessor Judgement 
(2) Geometric Rectification 
(3) Selection of sample pixels 
(4) Within Field variability 
(5) Image Acquisition 
(6) Variability of damage 
(7) Maturity 
(8) Outliers 
(9) Noise and interference 
The science of estimation is not precise and is constantly under improvement.  Field 
observations were gathered by an experienced crop loss assessor using current 
best-practice.  Estimation errors also contribute to variations in findings. 
The GPS field inspection locations were taken at discrete points 10 metres into the 
field.  These locations were sometimes unsuitable for extraction of the reflectance 
sample matrix due to the influence of the 'edge effect' (mixed pixels) (Chandler, 
2001).  Therefore, the nearest available 'pure pixel' representation was chosen as 
the test sample.  Although, some change in defoliation may be evident with the 
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spatial shift in the field from the assessed location, field crop assessors have 
confirmed that significant changes within the field would be unlikely at these 
displacements. 
The inability to account for infield variability prior to the loss has the most impact on 
remotely sensed data assessment accuracy.  Scherer et al. (2001) suggests the 
solution is to adopt a multiple image acquisition of the damaged fields for providing 
valuable information as to the plant vigour, state of health, plant population, insect 
infestation and disease data.  However, such an approach will incur huge costs and 
processing efforts in a commercial environment. 
Following the hail event, acquisition times of various data sources ranged from the 
field assessment (day 10), Spot 4 Xi (day 20), Landsat 5 TM (day 21) and the 
spectroradiometer data (day 31). The changes in maturity, recovery, and vigour may 
have resulted in abnormalities, incomparability or inconsistencies in the data. 
Various literature debates the ‘optimum’ time for image acquisition in agricultural 
systems but the most widely adopted principle is based on the maximum biomass. 
Although sorghum has achieved its maximum leaf biomass level at anthesis, 
spectral characteristics of the plants may not necessarily display true leaf damage 
characteristics due to other influencing factors such as seed head development and 
flowering.  It is difficult to quantify the impact of these characteristics on the remotely 
sensed assessment. 
Outliers and potential influential observations can strongly corrupt the correlation in a 
dataset as the correlation is a measure of strength and direction of the linear 
relationship between two variables and does not account for curved relationships. 
Spectroradiometer data (Dalby field site) contained unexpectedly high noise at 
various wavelengths, resulting in spurious results.  Difficulties with saturation of data 
were also observed at acquisition; however this was solved by moving the hand 
held GPS unit further away from the spectroradiometer at capture.  It is therefore 
possible that the GPS unit may have had some impact on the noisy readings taken. 
Several recommendations have been identified for further consideration for 
proposed further analysis including: - 
a) Controlled sampling 
b) Change Analysis 
c) Identification of optimum time for image/data acquisition 
d) Adoption of larger defoliation ranges 
This study has identified a significant correlation between defoliation and the data 
collected from satellite platforms for a small sample of isolated locations.  Further 
confirmation requires analysis of data from a controlled systematic sampling 
regime.  Infield variability is also a major concern in agricultura l analysis: the 
adoption of a multi-temporal capture program potentially provides a solution to this 
phenomenon.  By analysing before and after acquisitions, quantification of the 
change can be undertaken, taking into consideration the impact of infield variability.   
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Although field assessment is estimated to within 5-10% of the observed defoliation, 
the amalgamation of damage levels by limiting the damage to only 4 discrete 
classes, to assist in discrimination, may provide sufficient accuracy (Silleos et al., 
2002). 
5 Conclusion/Summary 
It appears that the amalgamation of remotely sensed data assessment and field 
assessment can lead to more accurate, efficient and timely loss assessment.  From 
the small data samples used strong correlations related to defoliation have been 
identified.  More information on the effect of pre-event and damaged areas; leaf 
shadow and aspect; stand population; and infield variability are required to provide 
better comprehension of the reflectance values.   
Errors in the estimation of damage are critical to the evaluation of system 
performance and efficiency.  Results have indicated that remote sensing can 
determine a correlation as high as 0.866 for both Landsat and Spot satellite 
platforms.  Georeferencing satellite data is therefore essential, using GPS or DCDB 
to enable a close correlation with the ground truthed data, calculations and for 
information accuracy.   
Development of a library of spectral responses related to field variability will enable 
a more comprehensive understanding of spectral responses.  It is considered that 
the best progress with evaluating hail damage using satellite imagery is to evaluate 
several actual hail damage events aided by full ground data, and if possible, 
comprehensive spectroradiometer readings.  Future work should also include 
planned structured assessment of the fields by a trained experience loss assessor. 
Combining current field damage assessment practices with this remotely sensed 
technology assessment should provide more timely, efficient and cost effective 
assessments of the field.  This will be achieved by assisting the field assessor with 
orientation, location of damaged areas, delimitation and quantification of damage 
zones, more efficient sampling, reduced assessing times and a more objective 
analysis (Young, 2004 and Scherer, 2001). Employing remote sensing imagery 
assessment of hail damage and a GIS management and information system should 
enhance the commercial viability and advantage of the loss adjusting business. 
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